Abstract: Air-water flows on stepped spillways were investigated experimentally in the last decades with a focus on steep slope chutes equipped with flat horizontal steps. Detailed air-water flow properties were recorded herein with three stepped geometries down a slope of = 8.9°with: flat horizontal steps, pooled steps, and a combination of flat and pooled steps. The data included the distributions of basic air-water flow properties, as well as the energy dissipation and flow resistance data deduced from the air-water flow measurements. The results on the flat slope showed that the pooled stepped design enabled a greater rate of energy dissipation, but the pooled stepped geometries were affected by some flow instabilities and unsteady flow processes for a range of flow rates.
Introduction
Air-water flows on stepped spillways were investigated experimentally in the last two decades (e.g., Chanson 1993 Chanson , 2001 Ruff and Frizell 1994; Chamani and Rajaratnam 1999; Carosi and Chanson 2008) . Most research focused on the air-water flow properties down relatively steep slopes equipped with flat horizontal steps, and only a few studies investigated the air-water flows on pooled stepped spillways (Table 1) . Kökpinar (2004) conducted some experiments on a stepped spillway with a slope of 30°with three different configurations: flat, pooled, and combination of flat and pooled steps. A similar study was conducted by André (2004) who investigated further pooled stepped spillway configurations with two channel slopes. A study of self-induced instabilities on pooled stepped spillways with slopes of = 8.9°and 14.6°was conducted by Thorwarth (2008) . Thorwarth's work was motivated by some incident on the Sorpe Dam pooled stepped spillway, which was documented and illustrated by Chanson (2001) and Thorwarth (2008) .
It is the purpose of this study to investigate thoroughly the air-water flow properties in a flat pooled stepped waterway. New measurements were conducted in a relatively large-size facility ( = 8.9°, h = 0.05 m, L = 12 m) with a double-tip phase-detection intrusive probe, where L is the length of the test section. Detailed air-water flow properties were recorded systematically for several flow rates with flat horizontal steps, pooled steps, and a combination of flat and pooled steps (Fig. 1) . The results included the distributions of basic air-water flow properties, as well as the energy dissipation and flow resistance data. They showed that the pooled stepped design enabled a greater rate of energy dissipation for a flat slope ( = 8.9°herein ), but some flow instabilities may occur.
Experimental setup
New experiments were performed in a large size flat slope stepped spillway model at the Institute of Hydraulic Engineering and Water Resources Management (IWW) of RWTH Aachen University (Germany). The facility was 12 m long overall. The water entered the test section through an uncontrolled 0.50 m wide broad-crested weir followed by 21 identical steps made out of PVC with step width W = 0.50 m, step heights h = 0.05 m and step length l = 0.319 m; i.e., a channel slope = 8.9°(Figs. 1 and 2). The water discharge was measured using a sharp-crested weir at the downstream end of the flume. More details about the experimented facility were described by and Thorwarth (2008) who used the same facility.
Phase detection intrusive probe and signal processing
The air-water flow measurements were performed using a double-tip conductivity probe. The probe had an inner diameter Ø = 0.13 mm for both tips that were separated in the streamwise direction by ⌬x = 5.1 mm and in transverse direction by ⌬z = 1 mm. Such a probe was previously used by Thorwarth (2008) and Bung (2009) . The translation of the phase-detection probe in the vertical direction was controlled by a trolley system equipped with an isel ® control device.
All measurements were conducted at a sampling rate of 20 kHz per probe tip for 45 s. The air-water flow properties included the void fraction C (i.e., air concentration), the bubble count rate F defined as the number of bubbles/droplets detected by a leading Table 1 . Experimental investigations of air-water flows on pooled stepped spillways.
Reference (1) [°] (2)
Step geometry (3) Flow conditions (4) Instrumentation ( Flat steps: h = 6 cm, l = 10.4 cm Pooled steps: h = 6 cm, l = 10.4 cm, w = 3 cm Combination of flat/pooled steps: h = 6 cm, l = 10.4 cm, w = 3 cm Thorwarth (2008) 8.9
Pooled steps: h = 5 cm, l = 31.9 cm, w = 0-5 cm Q = 0.025-0.117 m 3 /s, Re = 2.0×10 5 -9. Note: , channel slope; d c , critical flow depth; h, step height; l, step length; l w , pool weir length; Q, water discharge; Re, Reynolds number defined in terms of the hydraulic diameter; w, pool weir height; W, channel width; , probe sensor size.
probe sensor per unit time, the time-averaged interfacial velocity V and the turbulence intensity Tu calculated based upon some cross-correlation analyses, and the air/water chord size distributions.
Experimental configurations and flow conditions
Three different stepped spillway configurations were investigated (Fig. 1 ). These were a stepped waterway equipped with flat horizontal steps; the pooled stepped chute with weir height w = 0.05 m and pool weir length (i.e., thickness) l w = 0.015 m; and the third configuration was a stepped channel with a combination of flat and pooled steps (Fig. 1) .
The air-water flow measurements were conducted for a broad range of discharges (0.018 < Q < 0.117 m 3 /s) at several step edges downstream of the inception point of free-surface aeration (Table 1 and Appendix A). Table 1 summarizes the experimental flow conditions. Some results are presented in a tabular format for the three investigated configurations in Appendix A.
Air-water flow patterns
The basic flow regimes were inspected visually for discharges ranging from 0.002 m 3 /s ≤ Q ≤ 0.117 m 3 /s on the three stepped spillway configurations (Figs. 1 and 2) . Figure 2 presents some photographs of the air-water flows.
On the waterway with flat horizontal steps, the flow propagated in a succession of free-falling jet and small hydraulic jump on each step for d c /h < 0.95 where d c is the critical flow depth and h the vertical step height. The flow was aerated from the first step edge and all along the stepped spillway. The present observations were typical of nappe flow on flat slope stepped spillways with comparable channel slope (Chanson and Toombes 1997; El-Kamash et al. 2005; Toombes and Chanson 2008) . For dimensionless flow rates 0.95 < d c /h < 1.69, a transition flow regime was observed. Some key features included some strong droplet splashing and irregular flow motion (Fig. 2a) . The observations highlighted some large turbulent fluctuations as reported in earlier studies (Ohtsu and Yasuda 1997; Chanson and Toombes 2004) . For the largest flow rates (1.69 < d c /h), a skimming flow regime took place. At the upstream end, the flow was a clear water flow. Once the outer edge of the turbulent boundary layer reached the free-surface, the free-surface aeration occurred. Further downstream, an air-water flow mixture was seen while the pseudo free-surface was basically parallel to the pseudo-bottom formed by the step edges. Some stable recirculation was present in the step cavities and some water droplets were ejected above the flow.
On the pooled stepped chute, a nappe flow regime was observed for d c /h < 1.08. At each weir edge, the water took off as a freefalling jet impacting into the following water-filled pool. Air was entrained at the plunge point. For dimensionless flow rates 1.08 < d c /h < 1.76, a transition flow regime was observed and the flow became instable. Some flow instabilities were present including some self-induced jump waves (Thorwarth 2008; . The jump waves had frequencies of about 0.25-0.4 Hz and were accompanied by some irregular appearance of hydraulic jump at the downstream end of the pool. Other forms of instabilities included some cyclic pulsations in the first step cavity with a lower frequency about 0.125-0.167 Hz (Fig. 3) . It appeared that only about half of the jump waves were induced by flow pulsations in the first step cavity. The first four shots show the formation of the jump while the last two shots illustrate the jump disappearance (Fig. 3) . Further irregular cavity ejections and recirculation motion were observed in transition and skimming flows (1.08 < d c /h < 3.55) with a frequency about 0.5-2 Hz.
For the largest discharges d c /h > 1.76, a skimming flow regime was observed on the pooled stepped chute (Fig. 2c) . At the upstream end of the channel, a mono-phase flow existed with a free-surface parallel to the pseudo-bottom. Visually the freesurface appeared to be less stable than in a skimming flow on the flat horizontal stepped spillway. Some strong free-surface fluctu- ations were visible upstream of the inception point of free-surface aeration. The fluctuation seemed to be linked with the increased step roughness induced by the weir pools. Downstream of the inception point, the flow was aerated and some instable cavity recirculation and ejection processes were seen for all skimming flow discharges in the present study. Overall the flow patterns were consistent with the observations of Thorwarth and Koengeter (2006) .
On the stepped spillway configuration with combination of flat and pooled steps, a nappe flow regime was seen for dimensionless flow rates d c /h < 1.0. The air-water flow cascaded downstream in a series of free-falling jets. The flow became aerated from the first step edge. A hydraulic jump took place immediately upstream of the pooled weir. For larger flow rates (d c /h > 1.0), a transition flow was observed (Fig. 2b) . The flow appeared chaotic with some strong droplet splashing at all step edges downstream of the inception point of air entrainment. Some flow instabilities were present for all flow rates, including some irregular cavity ejection and recirculation processes as well as some instationary freesurface waves. Within the experimental flow conditions investigated herein (d c /h < 3.55) no skimming flow regime was seen. The visual observations were overall consistent with those of Kökpinar (2004) down a stepped chute with slope = 30°equipped with a combination of flat and pooled steps. Kökpinar reported a change from transition to skimming flows for a dimensionless flow rate significantly larger than that observed on flat and pooled stepped spillways. 
Air-water flow properties at step edges
The air-water flow properties were systematically measured for all three configurations at several step edges downstream of the inception point of free-surface aeration (Appendix A).
The vertical distributions of void fractions showed some typical S-shape distributions for all experiments (Fig. 4) . In Fig. 4 , some typical void fraction distributions are shown for the three stepped configurations at several consecutive step edges as functions of the dimensionless distance from the step edge (y + w)/d c , where y is the distance normal to the pseudo-bottom formed by the step edges and measured from the edges of the flat steps. For the smaller flow rates, the void fraction distributions were very close between all stepped configurations, but for the vertical offset by w/d c induced by the pool height (data not shown for conciseness). For the larger flow rates, the void fraction distributions on the stepped spillway with combination of flat and pooled steps differed from those on both flat and pooled steps (Fig. 4) . The data implied different aeration levels between flat and pooled steps. Some differences were possibly linked with the different definition of y = 0 for the pooled and flat steps. More changes were also observed between the different step types, especially for the larger discharges (Fig. 4b) . On the flat and pooled stepped waterways, the void fraction distributions were in qualitative agreement for all measured steps. Similarly the shapes of the void fraction distribution at consecutive step edges were unchanged for all experiments for the flat and pooled stepped spillways. In Figs. 4a and 4b , some experimental data were compared with the advective diffusion equation (Chanson and Toombes 2002a) :
where Y 90 is the characteristic distance where C = 0.90, K= is an integration constant, and D o is a function of the depth-averaged void fraction C mean only.
[2]
For all the data sets, the advective diffusion eq.
[1] matched well the experimental data as illustrated in Fig. 4 . For a given stepped configuration, the bubble count rate distributions showed close results for all discharges. Some differences in terms of bubble count rate distributions were observed between flat and pooled steps for the combination of flat and pooled steps. The differences were the largest for the smaller flow rates (Fig. 5) , while the bubble count rate distributions for the largest flow rates were close to those on both flat and pooled stepped chutes. Some typical dimensionless distributions of bubble count rates are illustrated in Fig. 5 as functions of (y + w)/d c for several consecutive step edges for all three stepped configurations. The   Fig. 3 . Pulsating flow in the first step cavity downstream of the broad-crested weir in the transition flow regime -Flow conditions: d c /h = 1.08, Q = 0.020 m 3 /s, Re = 1.56 × 10 5 -Chronological order from left to right, top to bottom.
comparison of all three stepped configurations highlighted the largest bubble count rates on the flat stepped spillway for a given flow rate, within the investigated flow conditions. For the smallest flow rates, the combination of flat and pooled steps presented the smallest bubble count rates while, for the largest discharges, the pooled stepped spillway configuration had the smallest data. With increasing discharge the differences between all configurations became smaller (data not shown).
Some typical interfacial velocity distributions are presented in Fig. 6 in which some data for all three configurations are presented as functions of (y + w)/d c . Qualitatively, a good agreement was achieved between flat and pooled stepped spillway data in terms of the velocity profile shape, as well as for the pooled step data on the configuration with combination of flat and pooled steps (Fig. 6) . For all discharges, these data collapsed reasonably well into a self-similar power law: upper flow region (y/Y 90 > 1), the velocity distributions had a quasiuniform profile:
For the flat and pooled stepped spillway configurations, the data were in close agreement with eqs.
[4] and [5] as illustrated in Fig. 6 . Some data scatter was seen for the pooled steps on the spillway configuration with combination of flat and pooled steps, which might reflect some rapid flow distributions between flat steps and pooled steps. That is, on the flat steps of the combined flat-pooled stepped configuration, the interfacial velocity distribution exhibited a distribution shape closer to those observed at the impact of nappe flow jets and in transition flows (Chanson and Toombes 2004; Toombes and Chanson 2008) (Fig. 6) . Quantitatively, the velocity data showed some marked differences between flat and pooled stepped waterways (Fig. 6) . The largest interfacial velocities V/V c were observed for the flat stepped spillway. The magnitudes of V/V c for the stepped spillways with pooled steps and with combination of pooled and flat steps were close and about 30% smaller than the flat stepped spillway velocity data (Fig. 6) .
On the flat stepped chute, the turbulence level distributions were qualitatively and quantitatively comparable to earlier findings on flat stepped spillways with maximum values of up to 150% in the intermediate flow region (Carosi and Chanson 2008; Felder and Chanson 2009 ). Some typical distributions of turbulence intensity Tu are illustrated in Fig. 7 for all experimental configurations. The distributions of turbulence intensity showed however some very large turbulence levels for the pooled stepped chute and for the waterway with combination of pooled and flat steps. That is, maximum values of up to 500%-900% were observed in the intermediate flow region (0.3 < C < 0.7) (Fig. 7) . Such very high turbulence intensity levels were discussed by who demonstrated that the instationary processes on the pooled stepped spillway configurations contributed significantly to the turbulent kinetic energy and that the turbulent intensity data included a large energy component in the slow hydrodynamic fluctuations, while the turbulent motion component was much smaller.
For all investigated flow conditions (Appendix A), similar air and water chord sizes were recorded in the bubbly flow and spray regions respectively for the flat and pooled stepped spillways (data not shown). The chord size probability distribution functions (pdfs) were skewed with a preponderance of small particle sizes compared to the mean, and the pdf data followed closely some log-normal distributions. The chord size mode was typically between 0.5 and 2 mm. Some differences were visible for the stepped spillway configuration with combination of flat and pooled stepped spillways. For the larger flow rates, a larger amount of small air bubble chord sizes was observed.
Flow resistance and turbulent energy dissipation
On a stepped chute, the water flows were characterised by significant form losses and energy dissipation. The rate of energy dissipation ⌬H/H max and residual head H res were calculated herein at the last two steps edges of the stepped waterway based upon the air-water flow measurements (Fig. 8) . Note that H max is the upstream total head defined as with ⌬z o the drop in bed elevation from the weir crest. The total head loss was: ⌬H = H max -H res , where H res is the residual head estimated as
where d is the equivalent clear water flow depth, U w the flow velocity (U w = q/d), and q is the water discharge per unit width. The complete results in terms of residual energy are detailed in Appendix A. The rate of energy dissipation for the three configurations is illustrated in Fig. 8a for the last two step edges as a function of the dimensionless drop in elevation ⌬z o /d c . The comparison between flat and pooled stepped chute performances showed a larger rate of energy dissipation on the pooled step configurations (Fig. 8a) . The energy dissipation rate on the flat stepped waterway was the lowest of all three configurations for all flow rates. The results in terms of residual head are presented in Fig. 8b . On the flat stepped spillway, the dimensionless residual energy was the largest, nearly independent of the flow rate: i.e., H res /d c ≈ 3.25. The residual head on the pooled stepped spillway was almost constant; H res /d c ≈ 2.25 on average. Overall the residual head was the smallest for the combined configuration tending to a residual head for the largest flow rates of H res /d c ≈ 1.7 to 1.9, although this data set presented some scatter (Fig. 8b) .
The present data were further compared with the re-analyses of air-water flow measurements on flat slope stepped waterways (Chanson and Toombes 2002b; Thorwarth 2008 ). The present results were qualitatively and quantitatively comparable to these earlier findings, although Chanson and Toombes (2002b) investigated only flat steps with a milder slope ( = 3.4°, h = 0.0715 and 0.143 m), while Thorwarth (2008) studied a smaller range of flow rates ( = 8.9°, h = 0.05 m).
The flow resistance on stepped waterways was characterised by significant form losses caused by the steps. Following common practice (Rajaratnam 1990; Chanson et al. 2002) , the DarcyWeisbach friction factor was used to quantify the dimensionless boundary shear stress in stepped spillway flows. The flow resistance was deduced herein from the total head line slope. Figure 9a shows some typical longitudinal variation of the total head at the downstream end of the spillway for several consecutive step edges. The results illustrate the non-uniform nature of the flow induced by the alternation of flat and pooled steps. The DarcyWeisbach friction factor was estimated from the measured airwater flow properties
where f e is the friction factor of the air-water flow, S f is the friction slope: S f = -∂H/∂x, H is the total head, and x is the distance in flow direction. Note that the Darcy-Weisbach friction factor for the stepped waterway with combination of flat and pooled steps was calculated by averaging the friction factors calculated for the flat and pooled steps in this configuration. The results are presented in Fig. 9b as functions of the dimensionless step roughness height. In Fig. 9b , some re-analysed data of Thorwarth (2008) on a stepped spillway ( = 8.9°) with flat and pooled steps were included. Overall the present results highlighted a significantly larger flow resistance on the pooled stepped waterway, together with some small friction factors on the flat stepped chutes. The results were in agreement with the re-analysed data of Thorwarth (2008) and they were consistent with the residual head data presented in Fig. 8b .
Conclusion
New measurements were performed on a relatively large stepped chute model with flat and pooled steps ( = 8.9°, h = 0.05 m). Three stepped configurations were tested systematically: a stepped chute with flat horizontal steps, a pooled stepped chute (w/h = 1), and a chute with an alternation of flat and pooled steps. Detailed air-water flow measurements were conducted and a comparative analysis was performed for a broad range of discharges 0.02 m 3 /s ≤ Q ≤ 0.117 m 3 /s corresponding to Reynolds numbers between 1.4 × 10 5 and 9.3 × 10 5 .
The visual observations showed some typical flow patterns with nappe, transition, and skimming flows depending upon the flow rate on the flat stepped spillway. On the pooled stepped spillway configurations, some strong instabilities were observed in the transition flow regime. The self-induced instabilities were associated with instationary cavity recirculation and ejection processes as well as some strong jump waves propagating down the chute. A comparison of air-water flow properties was performed between the three configurations in terms of void fraction, bubble count rate, interfacial velocity, turbulence intensity, and chord size distributions. The void fraction distributions on flat and pooled stepped spillways were overall in agreement, but the combination of flat and pooled steps yielded some stronger aeration for a given flow rate. The interfacial velocity distributions showed largest interfacial velocities for the flat stepped spillway. The turbulence levels were significantly larger on the pooled stepped spillways and it is believed that this was caused by the flow instationarities. The results in terms of the rate of energy dissipation and residual head showed the largest rate of energy dissipation for the stepped spillway with combination of flat and pooled steps, while the largest residual head and lowest rate of energy dissipation were observed for the flat stepped waterway. The DarcyWeisbach friction factor data showed the smallest values for the flat stepped spillway.
While the stepped chute configurations with pooled steps yielded the largest rate of energy dissipation, these geometries were affected by some flow instabilities and unsteady flow processes for a range of flow rates. These configurations should not be regarded as an optimum design because the instabilities might cause an unsafe operation of the structure. 
